Introduction
[2] Studies of coherent plasma and magnetic structures observed in the solar wind downstream of the Earth suggest that the magnetosphere can extend several hundred, or even thousand, planetary radii in the antisunward direction [e.g., Wolfe et al., 1967; Ness et al., 1967; Intriligator et al., 1979; Slavin et al., 1983] . Similar observations $5 AU downstream of Jupiter indicate that long magnetic tails are an inherent property of planetary magnetospheres [e.g., Lepping et al., 1982; Kurth et al., 1982] . Such tails are clearly also highly dynamic features which vary greatly in length with time, as suggested by studies which show that on occasions the Earth's tail can terminate inside of 200 R E [e.g., Fairfield et al., 1996] . This paper investigates the temporal variation of the length of a magnetotail.
[3] Two main mechanisms have been proposed for the formation of these tails, both involving magnetic reconnection. In the ''planetary wind'' or Vasyliunas cycle model [e.g., Michel and Sturrock, 1974; Hill et al., 1974; Vasyliunas, 1983] , reconnection in the nightside magnetosphere allows the release of centripetally unstable plasma from closed magnetic field lines; this escaping plasma is constrained to travel antisunward owing to the solar wind confinement of the magnetosphere on the dayside, which results in a structured wake downstream of the planet. Alternatively, the formation of an extended magnetotail has long been recognized as a consequence of reconnection between the interplanetary and planetary magnetic fields and the subsequent draping of open field lines by the flow of the solar wind [Dungey, 1961 [Dungey, , 1963 [Dungey, , 1965 Cowley, 1991] , as represented schematically in Figure 1 . Reconnection in the magnetotail subsequently closes the Dungey cycle and releases these extended field lines back to the solar wind. For instance, Dungey [1965] estimated that the Earth's magnetotail would be $1000 R E in length, the distance field lines are stretched at a solar wind speed of 450 km s À1 if they remain open for 4 hours during their convection cycle. Cowley [1991] further predicted the presence of a ''disconnected'' tail that might extend up to 5 times this distance.
[4] At Earth, the Dungey cycle dominates, as a consequence of the strong interaction between the terrestrial and interplanetary fields. On the other hand, the Vasyliunas cycle is thought to dominate at Jupiter owing to the rapid rotation of the planet, coupled with the high ($10 3 kg s À1 ) mass outflow rate of iogenic heavy ions from the inner magnetosphere. It is probable, however, that the Dungey cycle also contributes to the formation of the Jovian tail [e.g., Cowley et al., 2003] . At Saturn it is thought that the Vasyliunas and Dungey cycles operate on a more equal basis [e.g., Cowley et al., 2004] .
[5] In this paper we present a simple model of the Dungey cycle contribution to the downwind profile of open and disconnected flux within a magnetotail. This model allows the nominal length and flux content of the Dungey magnetotail (hereafter just ''magnetotail'') to be calculated based on a knowledge of the size of the ionospheric polar cap and the past history of the dayside reconnection rate. New techniques have recently been developed which allow the instantaneous size of the terrestrial polar cap to be measured [Milan et al., 2003 [Milan et al., , 2004 , which in conjunction with the model presented here will allow the instantaneous state of the Earth's magnetotail to be determined on a caseby-case basis.
Magnetotail Model
[6] Figure 1 shows a schematic representation of the Earth's magnetosphere, a cut through the noon-midnight meridian. The solar wind flowing at a speed V SW from the left, embedded within which is the interplanetary magnetic field (IMF), compresses the dayside terrestrial magnetic field to a stand-off distance of $10 R E . Depending on the orientation of the IMF, magnetic reconnection between the oppositely directed terrestrial and interplanetary magnetic fields at A, B, or B 0 results in ''open'' field lines (dark shaded region) which interconnect the solar wind with the planet, threading the ionospheric ''polar cap''; these regions are also known as the northern and southern tail ''lobes.'' Subsequent reconnection between oppositely directed fields at a nightside X-line at C in the central plane of the tail produces ''closed'' field lines (inner light shaded region), connected to the Earth's surface at both ends. The transport of open flux from the dayside to the nightside owing to the antisunward flow of the solar wind is now known as the Dungey convection cycle [Dungey, 1961 [Dungey, , 1963 and results in the formation of a magnetotail of length $1000 R E [Dungey, 1965] . There is also a ''disconnected'' tail, which comprises the highly kinked solar wind field lines newly reconnected at C. It is now thought that reconnection can take place at two locations in the magnetotail: at a ''distant'' X-line $150 R E downtail during quiet times [e.g., Slavin et al., 1985] , and a ''near-Earth'' X-line during substorms near 20-30 R E [e.g., Siscoe and Cummings, 1969; McPherron et al., 1973; Russell and McPherron, 1973] . The only tail X-line that is of importance to this study is the one that is actively reconnecting open lobe field lines, and in the rest of this paper tail reconnection is considered as a single process.
[7] The dayside and nightside reconnection processes are time-dependent and independent of each other, and so the proportion of the terrestrial magnetic field that is interconnected with the IMF, that is ''open,'' is determined by the competition between the opening of flux at the subsolar magnetopause and the closure of flux in the magnetotail [e.g., Coroniti and Kennel, 1972; Siscoe and Huang, 1985; Cowley and Lockwood, 1992; Russell, 2000; Milan et al., 2003 Milan et al., , 2004 . The amount of open flux F PC which threads the ionospheric polar cap (or equally the whole surface of the ''connected'' magnetosphere) is governed by the following statement of Faraday's Law:
where F A is the rate of creation of open flux at the lowlatitude dayside magnetopause, or the voltage along the dayside X-line at A in Figure 1 , and F C is the rate of destruction of open flux in the tail, or the voltage along the nightside X-line at C (note that as is traditional, is has been assumed that no significant parallel-electric fields exist along open magnetic field lines). As will be discussed later, the rate and location of reconnection on the magnetopause is controlled by the orientation of the IMF; on the nightside reconnection is thought to occur primarily during substorms. Typically, 5 -10% of the 8 GWb of magnetic flux associated with each hemisphere of the Earth might be open and map into the magnetotail lobes, though this has been shown to vary between as little as 2.5% and as much as 12% in just a few hours [Milan et al., 2003] . Undoubtedly, the open flux content of the magnetosphere can increase significantly beyond this latter estimate during extreme loading conditions. However, it is not so much the amount of open flux in the system that determines the length of the magnetotail but how long it has existed. The distance downtail that each open field line extends depends upon the elapsed time since reconnection at the magnetopause and the speed of the antisunward solar wind flow. The oldest open field line determines the overall length of the connected tail, with successively younger field lines exiting the magnetotail at ever-shorter downtail distances, as shown schematically in Figure 1 . The field lines threading the magnetopause and neutral sheet (D and E) have purposefully been shown at irregular intervals to reflect the fact that the flux leaving or entering the tail depends on the past history of dayside and nightside reconnection (at A and C), respectively. These arguments can be used to determine the profile of magnetic flux within the tail.
[8] We first discuss the creation of new open flux by reconnection at the low-latitude magnetopause (A in Figure 1b ), which occurs when the IMF has a southward component, B z < 0 nT, and the destruction of open flux during substorms (C); these two processes determine the overall structure of the tail. As will be shown later, lobe reconnection occurring at the high-latitude magnetopause (B in Figure 1c) [see also Russell, 1972; Cowley, 1981] for B z > 0 nT can also be included, though this represents only a perturbation to the system. We consider four open magnetic field line topologies which are created by reconnection, illustrated in Figures 1b and 1c . The first we call ''connected, B z -negative'' or cÀ, which are field lines opened by reconnection at A; Northern and Southern Hemisphere polar cap field lines connect into the solar wind to the north or the south of the Earth, respectively. Field lines disconnected from the Earth by reconnection at C are labeled d0; these cross the central plane of the tail (AF) and ultimately pass out through the magnetopause to both the north and the south some distance downtail, as indicated in Figure 1a . When the IMF is directed northward, reconnection at B takes a preexisting open cÀ field line and creates two new field topologies: ''connected, B z -positive'' or c+ and ''disconnected, B z -positive'' or d+. Figure 1c shows a Northern Hemisphere c+ field line at the instant of its creation, connecting the northern polar cap with the solar wind to the south of the Earth by draping over the nose of the magnetopause. Depending on the east-west component of the IMF, the draped portion of this field line will subsequently be carried around to the dawn or dusk flank of the magnetosphere within the magnetosheath flow. At the same time, the other end of the preexisting cÀ field line is disconnected to form a d+ field line, which both enters and exits across the northern magnetopause. A similar schematic could be drawn for field lines created by reconnection at B 0 . Note that all c+, cÀ, or d0 field lines point into the magnetosphere at the northern magnetopause, with the situation reversed in the south; d+ field lines, on the other hand, point both into and out of the magnetopause.
[9] In the formulation that follows, we assume that the overall length of the magnetotail, expected to be $1000 R E , is sufficiently large that the dayside and nightside reconnection sites (A, B, and C) can be considered to be located at x = 0. In this paper, x is downtail distance, such that x = ÀX R E , where X has its usual meaning in the GSM or GSE coordinate systems. We also formulate the model solely in terms of polar cap flux F PC and dayside reconnection rate F A and remove the necessity to know the nightside reconnection rate F C . The latter is difficult to quantify, whereas it will be shown that F A can be estimated from upstream solar wind conditions. In principle, F C can then be inferred from F PC and F A through equation (1).
[10] The model defines the flux content of the tail F at a downtail distance of x as the flux penetrating the plane perpendicular to the central axis of the tail (e.g., ZZ 0 in Figure 1 ) to either the north or the south of the equatorial plane of the magnetosphere (AF, Figure 1 ), that is ZE or Z 0 E. We consider the northern and southern lobes separately, as their flux content can differ if the rate of lobe reconnection at B or B 0 has been unequal in the past (see section 2.3). Any contribution to the tail flux from closed field lines (i.e., earthward of C) is neglected, as stated explicitly by our assumption that the nightside reconnection site lies at x = 0 (see above). We calculate, at any instant in time t, the x profile of the flux content F(x, t). At any particular x, some of this flux might be open, that is part of the connected tail F CT (x, t), with the rest being disconnected F DT (x, t).
Connected Tail
[11] Consider a volume defined by the plane ZE located at some downtail distance x, a parallel plane displaced farther downstream by a distance dx, the neutral sheet AF, and the tail magnetopause. As div B = 0, any difference between the flux crossing the two vertical planes (defined above as the tail flux content) must be accounted for by the amounts of flux leaving the volume through the magnetopause and entering through the neutral sheet, which in turn are related to the past rates of reconnection at A and C, respectively. For the connected tail we need count only the contribution from the magnetopause, as no flux threads the boundary between the connected and disconnected tail.
[12] Some time Dt after creation at A, newly opened field lines (cÀ) have been carried downtail by a distance x = V SW Dt, where they cross the magnetopause and enter the solar wind (D). A high reconnection rate F A results in a dense bundle of field lines penetrating the magnetopause, whereas a period of F A = 0 gives rise to a region of the magnetopause over which no field lines cross. That is, the amount of flux contained within the tail decreases with increasing length x, at a rate determined by the past rate of dayside reconnection. By extension of equation (1) and recognizing that dx = V SW dt, this can be represented for a specific time t as
where this has been labeled MP to identify it as the rate of loss of flux across the magnetopause. For simplicity we assume that V SW is constant. At the earthward end of the tail, x = 0, the amount of open flux in the connected tail F CT (x = 0, t) is just that threading the polar cap, F PC (t). By integration, the open flux remaining in the tail at any particular x and t is given by
We define the length of the connected tail L CT as the distance downstream that the oldest open field line has been swept, such that F CT (x = L CT , t) = 0, or in other words
any flux leaving the tail downstream of x = L CT is associated with the disconnected tail. Thus to first order, the length of the connected magnetotail and the profile of open flux within it can be found from equations (2) - (4), using a knowledge of the present size of the polar cap F PC (t) and the past history of low-latitude dayside reconnection F A (t À Dt).
[13] Figure 2a shows these concepts in schematic form for the northern tail lobe (a similar figure could be drawn for the southern lobe, with the magnetic field directions reversed). The top panel shows F CT (x, t) as a function of downtail distance x at some particular time t. For descriptive purposes the x-axis has been divided into three sections I, II, and III, representing elderly, middle-aged, and juvenile portions of the tail, respectively. Thin arrowed lines represent Northern Hemisphere cÀ lobe field lines penetrating the polar cap (black box) at x = 0 and exiting the tail at a downstream distance governed by the time elapsed since reconnection, numbered in chronological order of creation. The curve of F CT can be thought of as the tail magnetopause, and the F CT = 0 line can be thought of as the boundary between the lobe and the disconnected plasma sheet; in this case the top and bottom of the polar cap, marked A and C, map to the dayside and tail reconnection sites. The middle panel shows the past history of IMF B z , from the present time t at the left, backward in time to the right, such that field lines carried downstream to x are lined up with the IMF conditions that pertained at the time of their creation t À x/V SW . Now tail sections I and III relate to intervals when B z < 0 nT and II when B z > 0 nT. The bottom panel then shows the corresponding rate of flux transfer F A (the rate of creation of new open field lines) at the low-latitude reconnection site A, which we have assumed for simplicity is zero when B z > 0 nT and is positive and proportional to jB z j when B z < 0 nT (see section 3). The rate of decrease of F CT at x is, then, related to the flux transfer rate at t À x/V SW . The effect of nightside reconnection can be thought of as a reduction of F PC (equation (1)), resulting in a uniform decrease in the value of F CT at all x (equation (3)). Another way of thinking of this is that the horizontal axis moves upward at a rate F C (t), effectively removing the oldest field lines from the connected tail and shortening it.
Disconnected Tail
[14] In a similar manner, it is straightforward to determine the amount of flux in the disconnected tail (d0 field lines), this being dependent on the past history of tail reconnection and the speed at which disconnected field lines propagate antisunward down the tail. In the case of the connected tail lobe, we determined the flux content by considering the rate at which flux leaves the tail by crossing the downtail magnetopause. For the disconnected tail we must consider in addition the amount of d0 flux that crosses the neutral sheet from one side to the other (point E in Figure 1 ). Similarly to equation (2), we can write
where NS stands for neutral sheet and V PS is the tailward propagation speed of disconnected field lines in the plasma sheet. Again for simplicity, we assume that V PS is a constant with downtail distance, though this is unlikely to be the case in practice. The total flux at any given point in the tail can then be represented as
or
the disconnected tail terminates at x = L DT such that F(x = L DT , t) = 0. This represents the point at which the field lines in the plasma sheet have caught up with their solar wind ends (F in Figure 1 ). The amount of flux in the disconnected tail is simply
Whereas the amount of flux in the connected tail decreases monotonically with downtail distance, F DT (x, t) will in general first increase before subsequently decreasing. The increase is due to the release of newly reconnected field lines from C. The decrease can be thought of as the overall straightening of the disconnected field lines as they approach F, which results in a reduction in the amount of flux that penetrates the plane perpendicular to the central axis of the tail. We should note that L DT provides only a very loose definition of the ''length'' of the tail, and there will continue to be signatures of a magnetic wake farther downstream of L DT . For instance, field lines can overshoot at point F and for a while assume the opposite curvature. Such reverse curvature field lines are implicitly predicted by the model, being represented by negative values of F(x, t) beyond L DT (see also discussion in section 3). Of course, the evolution of field lines in this very distant portion of the magnetotail will depend ultimately on the behavior of V PS with x.
[15] To find F(x, t) or F DT (x, t), it is necessary to know the history of nightside reconnection F C , in addition to the size of the polar cap F PC and the history of dayside reconnection F A (equation (7)). In principle, knowing the latter two allows the former to be inferred from equation (1). Integration and manipulation of equation (1) 
which can be substituted into equation (7) to give
Now F(x, t) (from which F DT (x, t) can also be found) is determined solely in terms of F PC and F A . Unfortunately, however, the history of polar cap size F PC (t À x/V PS ) must now be known, which did not appear in the expression for F CT (x, t) (equation (3)). The ramifications of this will be discussed in section 3.
Lobe Reconnection
[16] Although sections 2.1 and 2.2 demonstrate how the downwind profile of open and disconnected flux within the magnetotail can be determined to first order by considering only reconnection occurring at the low-latitude magnetopause and in the tail, here we consider the second-order perturbation introduced to this by high-latitude magnetopause reconnection (B in Figure 1c ), which occurs when B z > 0 nT. This process does not create new open flux; it only ''recycles'' old open field lines [e.g., Russell, 1972; Cowley, 1981; Reiff and Burch, 1985] , in that it takes open cÀ field lines which already stretch some distance downtail and effectively brings their solar wind end (D) back to the point of reconnection (B), converting them to a c+ topology. Those portions of the field lines that used to reside within the more distant tail are disconnected and become d+. (For the purposes of the present model we discount the possibility that simultaneous lobe reconnection in both hemispheres can lead to the dayside closure of open flux.) This process of lobe reconnection can be represented as a removal of cÀ flux threading the distant tail magnetopause and a readdition of an equal amount of c+ flux threading the near-Earth tail magnetopause, such that the rate of flux loss through the magnetopause becomes
In equation (11) the first term of the right-hand side represents cÀ field lines created at A, as in equation (2), or in other words the first-order profile of the tail. The second term represents field lines brought back to the dayside by lobe reconnection, that is the creation of c+ field lines. The third term indicates the associated removal of cÀ flux from the more distant tail by the act of converting this to disconnected d+ flux. Of course, cÀ flux is only removed from the far tail (third term) if lobe reconnection has occurred to recycle it (second term); this is represented as
[17] Equation (11) represents the sum of cÀ, c+, and d0 field lines crossing the magnetopause. The flux content of the connected (cÀ and c+) and disconnected (d0) tails can be found as before in sections 2.1 and 2.2 by substituting equation (11) in place of equation (2). The d+ contribution to the tail flux content can be found by integration of the last two terms of the right-hand side of equation (11). Including the perturbation associated with lobe reconnection, the length of the connected tail (equation (4)) can be reformulated as
In general this will be less than the value of L CT calculated from equation (4) by an amount dependent on the past rate of lobe reconnection.
[18] These ideas are shown schematically in Figure 2b . The variation of IMF B z and F A are the same as in Figure 2a , the difference being that lobe reconnection at a (low) rate F B is assumed to occur when B z > 0 nT. The first-order structure of the tail is as before (first term of the right-hand side, equation (11)). Lobe merging, when it occurs during interval II, takes place with those field lines most recently created by low-latitude reconnection during interval I, first 6 0 then 5 0 , those field lines which thread the dayside lobe and which stretch only some short distance downtail (see also Figure 1c ). The reconnection process relinks these field lines such that they now exit the tail much nearer the dayside (6 then 5) and are converted to c+ topology (indicated as dashed lines); these exit the magnetopause in the same manner as cÀ field lines but are then draped over the dawn or dusk flank of the magnetotail to interconnect with the northerly directed IMF to the south of the tail. The other portions of the recently relinked field lines (5 0 and 6 0 , shown dotted) are now of d+ topology, contained entirely within the solar wind, though they will probably remain taillike as they are carried downstream. Each of the two pairs of c+ and d+ field lines shown crossing the magnetopause in section II can be thought of as the two ends of a northward IMF field line reconnected, as shown in Figure 1c . The result of this process is that field lines now leave the magnetotail in section II (second term of the right-hand side, equation (11)), where previously they did not (Figure 2a) , and fewer connected field lines exit the magnetotail in section I (third term of the right-hand side, equation (11)). In short, the first term of the right-hand side of equation (11) describes the original shape of the tail (Figure 2a) , and the second and third terms represent the removal of the quadrilateral unshaded portion of the tail (Figure 2b ) that is now disconnected (d+). As the removal of flux must be equal from both sections I and II, that is, the same number of d+ field lines cross the magnetopause in each section, this means that the integrals (the areas under the curves) of F 0 A and F B must equal, as required by equation (12).
[19] In this formulation of the perturbation introduced by lobe reconnection one simple assumption has been made. The addition of new open flux to the tail by low-latitude reconnection and its removal by tail reconnection can be thought of as a first-in-first-out system: each first newly created open field line must propagate through the tail to the neutral sheet before it is closed. On the other hand, when flux is recycled by lobe reconnection, it is the last newly opened field line which participates, as this lies near the high-latitude magnetopause. This represents a last-in-firstout system. We must assume that this ''last-in'' field line, when recycled by lobe reconnection, is no longer next in line for recycling. This happens in practice owing to the ''stirring'' of the lobe convection cell; that is, recently recycled field lines are transported away from the reconnection region due to IMF B y -related tension forces related to the draping of c+ field lines over the flanks of the tail [Reiff and Burch, 1985] . The shortcomings of our assumption will be discussed later.
Two Examples
[20] The above discussion suggests that the flux in the connected tail can be determined from a knowledge of (1) the current size of the polar cap, (2) the past history of low-latitude magnetopause reconnection, and (3) the past history of lobe reconnection. Investigation of the disconnected tail requires that either the history of the polar cap size or the nightside reconnection rate is also known. In the case of the connected tail, it is not necessary to know the past or present rate of reconnection in the tail, F C , as this is related to points 1 and 2 through equation (1). The size of the polar cap (point 1) can be found from ionospheric observations as discussed by Milan et al. [2003 Milan et al. [ , 2004 . The last two, points 2 and 3, can in principle be determined from upstream solar wind and IMF measurements. For the purposes of the present discussion, we employ the formulation first proposed by Levy et al. [1964] and reused by Holzer and Slavin [1979] that the low-latitude dayside reconnection rate is given by the GSM Y-component of the solar wind electric field integrated across a characteristic scale length L A :
where
L A represents the effective length of the low-latitude merging gap or reconnection X-line when the solar wind flow is propagated through the bow shock and magnetosheath and onto the magnetopause. Another way to think of this is through a reconnection efficiency factor h such that L A = hL MSP , where L MSP % 30 R E is the crosswind scale size of the dayside magnetosphere. Later we will deduce values of L A of 5-8 R E , indicating that h % 0.2.
[21] We extend this idea to determine the rate of lobe reconnection:
where the minus sign has been introduced to keep the reconnection rate positive. Equations (14) and (16) require that F B = 0 if F A > 0 and vice versa, as the reconnection geometries available on the dayside magnetopause usually exclude the possibility that high-latitude and low-latitude reconnection can occur together. It is expected that the effective length of the lobe-merging gap will be somewhat smaller than for the low-latitude X-line, that is L B < L A . Also, the rate of lobe reconnection will depend crucially on dipole tilt and the B x component of the IMF; lobe reconnection is favored in the summer hemisphere and for B x < 0 nT or B x > 0 nT in the Northern and Southern Hemispheres, respectively [e.g., Reiff and Burch, 1985] . Unlike low-latitude reconnection, in which the rate of opening of flux in both hemispheres is necessarily equal, the scale size L B can differ between hemispheres and may be zero in one or other (i.e., at B or B 0 , in Figure 1 ). [22] Two previous studies of Milan et al. [2003 Milan et al. [ , 2004 employed observations from Polar UVI, SuperDARN, and DMSP, FAST, and NOAA satellites to determine the variation in the size of the Northern Hemisphere polar cap during 8-hour intervals on 5 June and 26 August 1998. These determinations are used to illustrate the model described above. The variations in open flux during these two intervals are shown by grey lines in Figures 3c and 3h . Also shown, by vertical dashed lines, are the onsets of substorms or significant nightside auroral brightenings, at which times tail reconnection might be expected to commence.
[23] These measurements of F PC can be used to calibrate the dayside reconnection rate estimated from the solar wind electric field. Figures 3a and 3f show the variation of the B z component of the IMF as measured by the Wind spacecraft and appropriately lagged to the magnetopause for the two intervals; as the history of the reconnection rate is important, 24 hours are shown in each case, with the interval corresponding to the polar cap observations highlighted in grey. From this measurement and that of the solar wind speed (not shown, though close to 360 and 600 km s À1 in the two examples, respectively), F A can be computed from equations (14) and (15), for a given value of L A . Then, when the nightside reconnection rate can be assumed zero, F C = 0, as for instance during isolated substorm growth phases, equation (1) allows the expected variation of F PC to be found from F A . It is found that the rate of increase of F PC is well predicted if values of L A of 8 R E and 5 R E are employed for the two intervals, respectively. F A so calculated is shown in Figures 3b and 3g , and predictions of the corresponding increase of F PC are superimposed in Figures 3c and 3h (see solid portions of dark curves; these are times when the nightside reconnection rate is assumed to be zero). The reason for the difference in L A for the two intervals is not as yet clear, though it is presently under investigation. Despite this, we can use these values to calculate F A not only during each interval of interest but also for the preceding few hours to provide the past history of the dayside reconnection rate required by the magnetotail model.
[24] Following substorm onset, F PC tends to decrease, clearly indicating that F C is nonzero at these times. Although the magnetotail model does not require a knowledge of F C , we estimate that here for completeness. We assume that following each onset, tail reconnection progresses at a uniform rate for a given length of time (see variation of F C in Figures 3b and 3g) such that the prediction of F PC from equation (1) matches as closely as possible the observed variation (see dotted portions of dark curves in Figures 3c  and 3h ). During the seven episodes of tail reconnection in these two examples, the rate varies between 45 and 200 kV and the duration ranges from 30 to 100 min.
[25] The variations of F PC and F A can then be used as inputs for the connected tail model described in section 2.1. At this stage the influence of lobe reconnection has been discounted, that is, L B has been set to zero; in this case the model predicts solely the existence of cÀ and d0 field lines [26] These model results show that the connected tail can vary considerably in length over a few hours. In the first case this ranges between 400 and 1300 R E , whereas the variation is even larger in the second example, between 400 and nearly 4000 R E . There is no straightforward relationship between polar cap size and magnetotail length; despite similar values of F PC at the start of the two intervals, the tail length is considerably different in each case. The length depends rather on the age of the oldest open field lines. Indeed, the tail shortens dramatically during periods of rapid tail reconnection, that is after each substorm onset, as at these times the oldest open field lines become disconnected from the Earth. During periods when no nightside reconnection occurs, the magnetotail continues to grow in length at the speed of the solar wind flow. The difference between the length of the tail in the two examples can be accounted for by the difference in the dayside reconnection rates in the preceding hours. In the first example, the IMF was consistently directed southward between 0200 and 0700 UT (Figure 3a ). This suggests a period during which considerable polar cap expansion might be expected. However, the polar cap is observed to be only of typical size, indicating that a correspondingly high rate of tail reconnection must have occurred. In this case, then, the oldest open field lines will only be of modest age. In contrast, prior to the second example, IMF B z is small and fluctuates about 0 nT, suggesting little polar cap expansion. However, the polar cap is again of typical size, so little nightside reconnection has occurred, and consequently the oldest open field lines must be rather mature, stretched to great length by the flow of the solar wind. The difference between the tail lengths in the two examples is also further accentuated by the higher solar wind flow speed in the second example. These two cases are contrasted in Figure 4a , which shows the profiles of the open flux within the tail at 0930 UT during the first example (solid curve) and 0430 UT during the second example (dashed curve). Although both tails start with similar amounts of open flux at x = 0, the decrease in flux with downtail distance is much more rapid for the first example owing to enhanced dayside (and hence nightside) reconnection in the preceding hours. It is worth noting that it takes almost 12 hours to stretch field lines to a length of 4000 R E at a solar wind speed of 600 km s À1 .
[27] The lower panels of Figure 4 indicate the expected effect of lobe merging. These model predictions are rather more tentative than those above due to the difficulty in determining L B . That is, there is no way to calibrate the rate of lobe reconnection from observations of polar cap area. As noted above, owing to the differing geometries of a lobe merging X-line L B might vary from 0 to a small fraction of L A . For illustrative purposes we select a value of L B = 0.75 R E (that is approximately 15% of L A in our second example). The most useful period that can be considered is after 0800 UT in the second example, when the polar cap is very contracted and the IMF has a very large northward component B z % 15 nT so that the lobe reconnection rate might be expected to be high; for the value of L B selected this amounts to F B % 30 kV. Figures 4b, 4c, and 4d show the expected tail profile at 0800, 0900, and 1000 UT, with or without the inclusion of the lobe merging effect (solid and dashed lines, respectively). (For completeness we also show the d0 disconnected flux, dot-dashed line; the end of this line represents the disconnected horizon, as discussed below. We do not explicitly show the d+ flux contribution, but this is represented by the difference between the solid and dashed curves.) We consider the predictions without lobe merging first (dashed curves). As F A and F C are predicted to be close to zero during this period, the three profiles indicate solely a stretching of all open field lines constituting the tail, at the solar wind speed of 600 km s
À1
, that is by approximately 700 R E in 2 hours. In the case where lobe merging is included, however, although the amount of flux in the tail at x = 0 does not vary, there is a deflation of the more distant tail as old open field lines are ''recycled'' and effectively rejuvenated, converted to c+ and d+ field lines. The deflation of the tail extends to farther and farther downtail distances as older and older field lines are reconnected at the lobe-merging site (described as a last-infirst-out system in section 2.3). Figure 4d illustrates a shortcoming of the present model: the rate of lobe merging is sufficiently high that in less than 2 hours all of the open flux in the tail has been recycled (0.2 GWb of open flux will be recycled in approximately 110 min at a lobe merging rate of 30 kV). This is not expected to happen in practice, as the oldest open field lines are unlikely to participate in lobe merging, or in other words, lobe convection cells are usually confined to the dayside polar cap. During extended periods when the lobe merging rate is high and the polar cap is very contracted, it might be expected that each open field line which participates in lobe reconnection could be recycled more than once; that is, the lobe convection cell could circulate several times. During such intervals a more sophisticated version of equation (11) is needed.
[28] Despite this drawback, Figures 4b and 4c illustrate the interesting situation in which the northern and southern magnetotail lobes can display a considerable asymmetry. Although the amount of open flux in each lobe at x = 0 is necessarily equal, the distance downtail that this open flux stretches depends on the past rate of lobe reconnection in the two hemispheres. If this is different, for instance zero in the winter hemisphere (dashed curves) and nonzero in the summer hemisphere (solid curves), then it is to be expected that the downtail summer hemisphere lobe will contain less open flux than the winter lobe. Moreover, after subsequent tail reconnection has removed the oldest open field lines, the winter tail lobe could be longer than the summer lobe.
[29] Finally, we turn our attention to the disconnected tail (d0), predictions of which are shown in Figures 3e and 3j , in a similar format to Figures 3d and 3i ; again, the effect of lobe reconnection is discounted. As noted earlier, these predictions require a knowledge of the history of the size of the polar cap. This is a serious limitation of the model. Time series of upstream solar wind conditions tend to be continuous, providing an unbroken history of the dayside reconnection rate for the connected tail model. Time series of polar cap size F PC tend to be much more limited in extent, as, for instance, in the two examples presented here. No prediction of disconnected tail flux can be made farther downstream than the distance newly disconnected field lines have been carried at a speed V PS since the start of the measurements of F PC . This introduces a horizon to the model, represented in the figure by a diagonal dot-dashed line. [30] Disconnected field lines are added to the tail at the nightside X-line during episodes of tail reconnection; these field lines extend from x = 0 to the end of the connected tail (which itself simultaneously decreases in length as its eldest and longest field lines are disconnected). Subsequently, the solar wind ends continue to propagate downtail at a speed V SW whilst the plasma sheet ends propagate faster, so as to catch up, at a speed V PS . In these examples we use V PS = 2V SW to exaggerate the differing influences of solar wind and plasma sheet propagation (Cowley [1991] suggested V PS = 1.2V SW ). Although the present model does not distinguish between near-Earth and distant reconnection X-lines and thus cannot predict the existence of selfcontained magnetic islands or ''plasmoids'' ejected down the tail during substorms, these contracting disconnected field lines can be thought of in the same way. It is possible that an extension of the present model, including both near-Earth and distant X-lines in a manner similar to Russell [2000] , could reproduce this phenomenon more realistically.
[31] In the first example, after 1300 UT, the end of the disconnected tail is found at $2000 R E . In the second example this appears to extend beyond $4000 R E at all times. Interestingly, after 1100 UT in Figure 3j the tail flux content reduces to zero near $2500 R E but then increases again beyond this, in effect a disconnected disconnected-tail. (In fact, F < 0 between these two tail portions, indicating the presence of reversed curvature field lines in this region, as discussed in section 2.2.) This disconnected structure occurs when a long connected tail is disconnected, such that a short connected tail remains. The disconnected field lines will take a considerable time to straighten (reach F in Figure 1 ), during which time they can be swept a long distance downstream of the connected tail. This is seen to be occurring in Figures 4b-4d , where the earthward end of the disconnected tail is approaching the end of the connected tail. In this second example, with V PS = 2 V SW , it is expected that the disconnected tail will extend beyond x = 10000 R E ($0.5 AU). For lower values of V PS the tail would extend even farther. In other words, the downstream solar wind can contain significant magnetic signatures of its interaction with the Earth, a long wake, without this being continuous in nature.
Conclusions
[32] This paper has presented a simple model that allows the profile of flux in the connected magnetotail to be determined from a knowledge of the present size of the polar cap and the history of dayside reconnection. The flux content of the disconnected tail is found from the history of both polar cap size and dayside reconnection. The basis of the model is that the oldest open field lines have been stretched the farthest downtail by the solar wind flow. The model shows that for a given polar cap size the tail is longer if little dayside reconnection has occurred in the recent past. This follows as rapid dayside reconnection implies rapid nightside reconnection if the polar cap area is to remain unchanged, and rapid nightside reconnection quickly removes the oldest open field lines from the system. The model further shows that differing rates of lobe reconnection at the northern and southern high-latitude magnetopause could lead to considerable differences in the typical age, and hence lengths, of the two magnetotail lobes.
[33] The model has not explicitly addressed the issue of closed field line regions sometimes observed in the flanks of the magnetotail at distances of a few hundred R E [e.g., Slavin et al., 1985] ; it has been suggested that these are associated with a curved distant X-line [Slavin et al., 1985] or are nearEarth flank field lines which have been carried downtail by diffusive momentum transfer from the magnetosheath [e.g., Mist and Owen, 2002] . We offer an alternative interpretation, noting that draped c+ open field lines produced by lobe reconnection will coat the flanks of the tail with regions of B z -positive magnetic field, which could be misinterpreted as closed field lines if viewed in the equatorial plane.
[34] It is known that open magnetic field lines allow the ingress of solar wind plasma across the magnetopause into the magnetosphere, though this is usually assumed to occur primarily in the vicinity of the dayside [e.g., Cowley, 1980] . However, as suggested by Slavin et al. [1985] and Lee and Akasofu [1989] , plasma entry should occur along the length of the magnetotail, wherever open field lines cross the magnetopause. As our model provides an estimate of the open flux crossing the magnetopause as a function of downtail distance, it should allow the time-dependent nature of this plasma entry process to be studied in more detail.
[35] Finally, as mentioned in section 1, long magnetic tails are an inherent feature of planetary magnetospheres. It is possible that our model could be employed to determine the Dungey cycle contribution to the tails of planets other than Earth.
